Abstract. We discuss the chemical evolution of metal poor galaxies and conclude that their oxygen deficiency is not due to: the production of black holes by massive stars or a varying slope of the Initial Mass Function, IMF, at the high-mass end. A varying IMF at the low-mass end alone or in combination with: (a) an outflow of oxygen-rich material, (b) an outflow of well-mixed material, and (c) the presence of dark matter that does not participate in the chemical evolution process, is needed to explain their oxygen deficiency.
INTRODUCTION
By studying the O-µ diagram for irregular and blue compact galaxies, where O is the oxygen abundance mass fraction and µ is the gas mass fraction, it is found that for a given µ value, the O value is smaller than the one predicted by the closed-box model of chemical evolution with an IMF independent of Z. In a review of this problem by Peimbert, Colín, & Sarmiento (1994a) , it is argued that the small O values are not due to: (a) errors in the O determination, (b) inflow, (c) variations of the slope of the IMF at the high-mass end, or (d) the production of black holes by massive stars. Alternatively, these authors argue that the observed values in the O-µ diagram could be due to: (a) outflow, (b) variations of the IMF at the low-mass end, (c) the presence of dark matter that does not participate in the chemical evolution process, or (d) errors in the determination of the total mass of the galaxies, M T . We shall make quantitative estimates of some of these effects based on a comparison of chemical evolution models of galaxies with observations. In addition to the O and µ values, we have three additional observational restrictions that can be used to constrain the models: the enhancement in the helium to oxygen mass ratio, ∆Y /∆O, the carbon to oxygen mass ratio, C/O, and the heavy elements minus carbon and oxygen to oxygen mass ratio, (Z − C − O)/O.
In § 2 we describe the chemical evolution models of galaxies, in § 3 we select ten objects from the best observed ones and obtain representative values for O, µ, ∆Y /∆O, C/O, and (Z − C − O)/O, values that should be reproduced by the models. In § 4 we compare the observational constraints with the predictions made by closed-box models with a varying mass threshold, m bh (hereafter m denotes mass in solar mass units), for the end of the evolution of massive stars as black holes (i. e., without enriching the interstellar medium, ISM, with the heavy elements that are ejected when the massive stars explode in supernovae events, SNe); these models are computed without the assumption of the instant recycling approximation, IRA (i. e., taking into account the time delay involved in the ISM enrichment), for two families of IMF's, and variable ages. In § 5 we present two types of galactic outflow models and compare them with the observations. Finally, the discussion and conclusions are presented in § 6.
CHEMICAL EVOLUTION MODEL

Main Features
Our chemical evolution model for irregular galaxies takes into account the dependence of the element yields with the metallicity of the parent galaxy, it is essentially the model presented by Carigi (1994) for the solar neighborhood with the following modifications: a well-mixed or an O-rich galactic wind is added, the infall is excluded, and the initial gas abundances are chosen as pregalactic (X p = 0.77, Y p = 0.23, and Z p = 0). Our model considers ages of t g = 0.1, 1, and 10 Gyr; that is, models are differentiated from each other in the sense that they reproduce the representative µ and O values at different times: 0.1, 1, and 10 Gyr. Prantzos et al. (1994) have also presented chemical evolution models of the Galaxy taking into account the effect of metallicity dependent yields.
The model by Carigi (1994) is an open one in which the yields, the lifetimes of stars, the masses of the remnant stars and the masses of SNe progenitors, all depend on the metallicity of the progenitor cloud. The IRA is not used and the evolution of H, 4 He, -Stars with m i from 0.1 to 0.8, do not contribute to the interstellar gas enrichment and only take gas from the ISM when they are formed; their main sequence lifetimes are greater than the age of the parent galaxy.
-Stars with initial masses in the interval 0.8 ≤ m i < 1.85 burn He in degenerate cores and end their lives as C-O white dwarfs. Theses stars enrich the ISM mainly with He, C, and N via stellar winds and planetary nebulae events; their main sequence lifetimes vary from 1 to 25 Gyr depending on initial mass and metallicity.
-Stars in the interval 1.85 ≤ m i < 7.5 burn He in non-degenerate cores and when going through the asymptotic giant branch, enrich the ISM with He, C, and N via stellar winds until their existence ends in a C-O degenerate core after the ejection of a planetary nebula, their main sequence lifetimes range from 0.03 to 1 Gyr; these stars, if in binary systems, may produce SNe I and contribute to the Fe enrichment, mainly.
-Stars in the range 7.5 ≤ m i < m wr (lower-limit mass for the formation of a Wolf- -Stars with initial masses greater than m wr and low metallicity, contribute to the ISM enrichment with He, C, and O via SNe Ib and leave a massive remnant; for stars in the same mass range and high metallicities, the strong contribution to He and C, mainly, is via stellar winds and therefore, their remnants are less massive. Their lifetimes are less than 0.006 Gyr.
Initial Mass Functions
We have considered two initial mass functions: the first one is an extension of the IMF for the solar neighborhood derived by Kroupa, Tout & Gilmore (1993) to lower masses in order to take into account substellar objects (KTG IMF, hereafter), and the second one is the Salpeter (1955) IMF (or S IMF). Both IMFs are normalized to one; that is,
The lower and upper limits of the IMFs are considered to be 0.01 and 120, respectively.
The KTG IMF is given by:
where ξ(m)dm is the number of stars in the mass interval from m to m + dm. For masses in the range 0.08 ≤ m < 0.5, KTG find that the exponent for the 95 per cent confidence interval varies from in −0.70 to −1.85 and the center is given by −1.3. The KTG IMF has the same slope for m ≥ 1 as the Scalo (1986) IMF, i. e., the two IMFs have a different slope only for the m < 1 values. Though it has been ruled out by observations of the solar vicinity a while ago (Scalo 1986) , the Salpeter IMF with a −2.35 value for the slope from m = 0.01 to 120 will be considered for comparison.
OBSERVATIONAL CONSTRAINTS
We will generate a series of models with the aim of fitting µ, O, ∆Y /∆O, C/O, and (Z − C − O)/O for a 'typical' irregular galaxy. Thus, for any given galaxy, we need to know the values for these five constraints; however, it is not possible to derive ∆Y /∆O for a single galaxy, and a determination using only a pair of galaxies would have a very poor quality; therefore, we will derive this value using the average ratio from a group of well-observed galaxies. The other four constraints will be obtained from average or representative values of the galaxies in this well-observed group.
3.1 M T , µ, and O
In Table 1 we present a group of ten galaxies with well-determined µ, O, and Y values.
The data come from the following sources: (a) the Y values are taken from Lequeux et al. (1979 ), Pagel (1987 , Torres-Peimbert, Peimbert, & Fierro (1989) , Skillman (1991) , Pagel et al. (1992, hereafter PSTE) , Skillman and Kennicutt (1993), and ; (b) the Z values are derived from the observed N(O)/N(H) values under the assumption that O constitutes 54 % of the total Z value (see below), the N(O)/N(H) ratios are taken from Peimbert & Torres-Peimbert (1976) , Dufour, Shields, & Talbot (1981) , Kunth & Sargent (1983) , Vigroux, Stasinska, & Comte (1987) , Skillman, Kennicutt, & Hodge (1989) , Garnett (1990) , Schmidt & Boller (1993) , Skillman and Kennicutt (1993) , ; (c) the gaseous mass, M gas , the total mass, M T , and their ratio, µ, are taken from Lequeux et al. (1979) , and Staveley-Smith, Davies, & Kinman (1992) . The colons after the µ values in the first two lines of Table 1 indicate that the M T values are very uncertain for these two galaxies. The values of the total mass shown in Table   1 were obtained dynamically, therefore they include any possible dark matter material, either baryonic or non-baryonic. Our models assume that M T is due only to: the gaseous component, stars, substellar objects, and stellar remnants. The outflow models start with a higher total mass and reach the M T value at the end of the evolution of each model.
The last line in Table 1 contains the average values of the data in the previous rows.
Since the average abundance values are calculated linearly, the relevance of the O-poor objects is much less than when the average values are calculated using the logarithms of the corresponding data. The representative value for ∆Y /∆O is determined by the whole set of observations and the role of the first two galaxies in our sample is mainly to help determine the value for the primordial He.
The adopted values in this paper are: logµ = −0.53, and log(M T /M ⊙ ) = 9.12. These values are slightly different to the average values presented in Table 1 , nevertheless, a discussion on the effect produced by varying µ is given in § 4 and § 6. The O values in Table 1 were derived by: (a) adopting a uniform electron temperature over the observed H II region, and (b) neglecting the fraction of O atoms tied up in dust grains.
From observations of H II regions in the solar neighborhood, it has been found that temperature variations along the line of sight increase the O/H ratio by about 0.3 dex (e.
g. Peimbert, Torres-Peimbert, & Ruiz, 1992; Peimbert, Storey, & Torres-Peimbert, 1993a; Peimbert, Torres-Peimbert, & Dufour, 1993b) . From the study of a set of metal poor H II galaxies, Campbell (1988) 
∆Y /∆O
From a linear regression of the sample, it is found that ∆Y /∆O = 7.10 ± 1.62. ∆O should be increased by 0.2 dex to take into account the temperature structure of the H II regions and the fraction of O embedded in dust; alternatively, ∆Y is not affected by these two effects since the temperature structure diminishes the Y determinations but does not affect ∆Y up to a very good approximation, and no He is expected to be in dust grains.
Hence, we obtain for our sample that ∆Y /∆O = 4.48 ± 1.02, and in the following we shall adopt log(∆Y /∆O) = 0.65 ± 0.11 as the representative value to be fitted by our models.
We shall compare our ∆Y /∆O determinations with those derived by other authors;
in particular with PSTE, one of the most important data sets found in the literature.
From these data it is found that ∆Y /∆O = 10.2 ± 3.5, and combining them with the sample by Isotov, Thuan & Lipovetsky (1994) , it is found that ∆Y /∆O = 9.7 ± 2.8. These values have been derived under the assumption of a uniform temperature inside the H II regions and without considering the amount of O embedded in dust grains, therefore in good agreement with the values derived from our sample.
From a comparison of Y p with the O and Y abundances of the solar vicinity, Peimbert, Sarmiento & Colín (1994b) have determined a value of ∆Y /∆O = 5.22 ± 1.1, which is in excellent agreement with the value adopted by us for irregular galaxies.
C/O
The C/O ratio varies with O from a low value of about −1.1 dex for O-poor objects, to a high value of about −0.3 dex for the solar vicinity Peimbert, 1993 and references therein). We are assuming that the fraction of C embedded in dust grains is negligible. For the MNR/Draine-Lee grains (Mathis, Rumpl & Nordsieck, 1977; Draine & Lee, 1984) , made by a combination of silicate and graphite grains, the strenghts of the 9.7 µm and 18 µm absorption features imply that practically all the Si atoms are in the Si−O stretch and consequently, that the amount of SiC is negligible (Mathis, 1994: private communication) .
On the other hand, the 2175Å bump, narrower in the H II regions than in the general ISM, is probably due to the removal of dust coatings by the higher radiation field and higher grain temperatures (Mathis, 1994) , and the high C/H values in the Orion nebula and M17 (Peimbert, Torres-Peimbert & Ruiz, 1992; Peimbert, 1993 ) also indicate that not We shall assume that the mass ratio of all the other unobserved heavy elements to O is the same as in the sun: 36 % (Grevesse & Anders, 1989; Grevesse et al., 1990; Biémont et al., 1991; Holweger et al., 1991; and Hannaford et al., 1992) . From these values we obtain 
CLOSED BOX MODELS
We have computed a series of closed box models -with and without the contribution of SNe I, for various IMFs, ages, and CO-core masses at the end of the C-burning phase, m co -in order to fit the adopted logµ value of our sample and two possible values of O:
1.62 × 10 −3 , and 2.58 × 10 −3 . The variation of the CO core mass was used in order to study the suggestion by Maeder (1992 Maeder ( , 1993 , in the sense that black holes could play an important role in the chemical evolution of metal poor galaxies; the models assumed that the entire star becomes a black hole if the mass of the CO-core is larger than m co .
In Figures 1, 2 , and 3, a dot represents a model with an age of 10 Gyr, the KTG IMF, and m co = 60 (that is, without the presence of black holes), that fits the adopted values: logµ = −0.53 and O = 2.58 × 10 −3 . This model considers the contributions of SNe I of binary origin under the assumption that 5.7 % and 2.4 % of the binary systems become SNe Ia and Ib, respectively; these are the fractions needed to adjust the current SNe rates in the solar vicinity (see Carigi, 1994) . The SNe I contributions to O and Z are only 2.3 % and 10.1 % respectively; moreover, the SNe I rates of irregular galaxies are not well known. For the 0.1 and 1 Gyr series of models, the contributions of SNe I to the chemical evolution of galaxies are completely negligible. Based on the previous discussion, the SNe I have not been taken into account for all the other models in this paper.
In Figures 1, 2 , and 3, we also present three series of models for the KTG IMF with different ages and one series of models for the S IMF with 10 Gyr. In Figure 3 Gyr and the S series are mainly due to the larger number of stars in the 0.9 < m i < 7.5 interval in the KTG IMF compared to that in the S IMF. Table 2 summarizes the results obtained by eight models with an age of 10 Gyr, a KTG IMF, and an initial mass gas of 1.33 × 10 9 M ⊙ . Seven of these models fit logµ = −0.53 and O = 2.58 × 10 −3 (see Table 1 ), while the eighth model fits the adopted logµ value and O = 1.62 ×10 −3 ; the changes in the element ratios between the first and last rows in Table 2 are due to the dependence of the element yields on the initial Z. The first column shows m co values (related to m bh according to Maeder, 1992) . The two values present in the second column indicate the lowest stellar mass for the formation of a black hole when Z = 0.001, and to the same limit when each one of the models reaches its maximum metallicity. The third column shows the factor, r, by which the number of stars that contribute to the ISM enrichment has to be reduced in order to fit the adopted logµ and O values. The remaining columns give the values of the He, C, and Z abundances by mass, and some combinations of them.
In Table 3 we present the mass budget of the ISM from the different processes consid- On the other hand, observational evidence and arguments in favor of a change at the low-mass end of the IMF, in the sense that the lower the metallicity the larger the amount of small mass stars, have been presented previously (Peimbert & Serrano, 1982; Gusten & Mezger, 1983; Larson, 1986; Richer et al., 1991) .
In what follows we will consider that the r values higher than one come from varying the IMF at its low-mass end; for simplicity, we will assume that it is the slope of the IMF which varies in the 0.01 < m < 0.5 range. In this case r can be computed as follows: is of the order of a factor of two, then the conclusions derived from the abundance ratios will still be valid. In addition, the change in the r parameter is inversely proportional to the change in the O abundance.
Similarly, an analysis of the influence of the µ parameter on the predictions by the models, shows that an increase in µ of 10 % produces a decrease in r of 7.32 %, and a decrease in µ of 10 % produces an increase in r of 7.96 %. Furthermore, the changes in O/Z, (Z − C − O)/O, ∆Y /∆O, and C/O are smaller than 0.5 %; these models keep M T constant and vary M gas .
OUTFLOW MODELS
Outflow of well-mixed material
The adopted logµ and O values can also be fitted by assuming that galaxies are ejecting well-mixed material to the intergalactic medium via an ordinary galactic wind. In chemical evolution models with the IRA assumption, an ordinary wind is introduced by assuming an outflow modelled by f O = λ(1 − R)ψ, where R is the mass fraction returned to the interstellar medium by a generation of stars. In our models, this wind is introduced as an outflow given by f O = αM gas , where the α parameter is then related to λ through α = λ(1 − R)ν. Notice that R is ill defined in the models that do not assume the IRA, nevertheless an average R value has been defined and used to compute the λ parameter.
Models with an outflow of well-mixed material, a KTG IMF, no black holes, and r = 1, are shown in Table 4 . The first column shows the different ages of the model, the second contains the ratio of the ejected mass, M e gas , to the total mass, the third and fourth show the values of the α and λ parameters, the fifth shows the mass fraction that remains trapped The ∆Y /∆O values of the models in Table 4 are larger than those predicted by closedbox models due to the delay of the He production relative to that of O; this delay causes a preferential O loss to the intergalactic medium.
The increase in the ∆Y /∆O ratios produced by outflow of well-mixed material relative to those produced by closed-box models goes in the right direction but is not large enough to explain the observational constraint; this is one of the reasons that has led to the idea of a different type of galactic outflow.
Outflow of O-rich material
It has been proposed that an outflow of O-rich material is present, at least in some galaxies, to explain: (a) the small yield in heavy elements seen in irregular galaxies (Lequeux 1989; Tosi 1994; Peimbert et al. 1994a ), (b) the large helium abundances derived in some irregular and blue compact galaxies (Aparicio, García-Pelayo, & Moles 1988) , (c) the large ∆Y /∆O ratios derived from samples of galaxies (Aparicio et al. 1988; Lequeux 1989; Pilyugin 1993; Tosi 1994; Peimbert et al. 1994a; Marconi, Matteucci & Tosi, 1994) , g., γ = 0 and r = 3.39 for the same t g = 10 Gyr). It should be mentioned, however, that there is a model (γ ∼ 0.23 and an r ∼ 2.66 for a t g = 10 Gyr) which barely fits the three observational constraints; note that this model requires a slope of −2.25 for the IMF in the 0.01 < m i < 0.5 interval, a value which is steeper than −1.3, the slope of the IMF for the solar vicinity in the same interval. This result for metal-poor galaxies supports the idea that the fraction of small-mass stars does decrease with increasing metallicity (Peimbert & Serrano, 1982; Gusten & Mezger, 1983; Larson, 1986; Richer et al., 1991) . Table 6 is the analogous of Table 3 including two additional columns: the second and the fifth, that show the γ values and the galactic wind contributions by gas mass, respectively.
CONCLUSIONS
We present chemical evolution models for irregular galaxies in order to try to fit five observational constraints. We study the parameter space provided by: (a) t g , i. e., without IRA; (b) closed-box models varying m co , for each m co a different r is needed to match logµ and O; (c) well-mixed outflow models with r = 1; and (d) O-rich outflow models varying γ, for each γ a different r is needed to match logµ and O.
As various authors have previously pointed out, closed models with a solar vicinity IMF do not explain the low O abundances.
The low O abundances require a change in the IMF: either a larger amount of lowmass stars or a change in the slope at the high-mass end. We present arguments against a change in the slope of the IMF at the high-mass end and conclude that the change should be at the low-mass end according to the r parameter defined by equation (4.1).
The production of black holes that prevent stars with masses higher than m bh from enriching the ISM can explain µ, O, and ∆Y /∆O with an r = 1.97 and m co = 16.4. This model fails to explain the C/O and (Z − C − O)/O observational constraints. We consider that black holes do not play an important role in the chemical evolution of irregular galaxies due to their failure at explaining C/O and (Z − C − O)/O, and also due to the results of chemical evolution models for the solar neighborhood that do not require them.
The best closed models are those without black holes, and among them, the one with proportional to changes in log(µ −1 ).
Our models have been obtained trying to fit the observational constraints of a 'typical' irregular galaxy, defined as the average of the properties of the ten selected galaxies in Table   1 . Nevertheless, our models are robust and can be generalized to individual galaxies with changes of about a factor of two in O and a factor of two in µ, relative to our 'typical'
irregular. This range of values includes most of the galaxies in Table 1 with the exception of the two metal poorest that might need a different set of chemical evolution models and that were mainly used to determine Y p .
We computed outflow models with well-mixed material and r = 1 that fit µ, O, C/O, and (Z − C − O)/O. These models predict ∆Y /∆O values closer to the observed ones but not close enough; they also predict large M e gas /M T values, the ejected gas however, has probably dissipated for a t g = 10 Gyr model and would be difficult to detect. Well 
